• Soil organic C was lower under pineapple cultivation than in an adjacent pasture and secondary forest.
P ineapple [Ananas comosus (L.) Merr.] has been grown and traded for centuries; however, global pineapple cultivation has increased significantly over the past several decades (Leon and Kellon, 2012; UNCTAD, 2016) . Pineapple is typically produced in humid tropical regions where temperatures are conductive to vegetative growth (Ingwersen, 2012; UNCTAD, 2016) . Large-scale pineapple cultivation requires large fertilizer inputs and is a high-density system, where pineapple is harvested year-round with up to 70,000 plants grown per hectare (Ingwersen, 2012; UNCTAD, 2016) .
In Costa Rica, forested land, initially converted to pasture in the 1960s, was subsequently developed for pineapple cultivation and other cash crops in the 1980s (Powers, 2004) . Pineapple cultivation has become increasingly important in Costa Rica, leading to the presence of plantations ranging in age from a few years to several decades old in various regions of the country (Powers, 2004) . By 2014, Costa Rica had become the second largest pineapple-producing country globally and exported pineapple at a rate five times greater than any other exporter (UNCTAD, 2016) .
Most pineapple cultivation in Costa Rica occurs in regions with highly weathered soils, with naturally low pH, nutrient status, and organic matter and C concentrations, as well as low cation exchange capacity (CEC) (Powers, 2004; Cornwell, 2014; Chacón et al., 2015) . In contrast to most soils in temperate regions, tropical soils can also have anion exchange capacity (AEC) due to the presence of variably charged minerals, such as Fe and Al oxides, which have positive surface charges at low soil pH (Ludwig et al., 2001; Ryan et al., 2001; Hyun and Lee, 2004; Harmand et al., 2010) . Pineapple vegetative growth is optimal in moderately acidic soil (pH 4.5-6.5), which minimizes fungal and nematode infection and maximizes cation nutrient bioavailability, and in well-drained soils, which prevents root anoxia (Morton, 1987; Mite et al., 2010; Vásquez-Jiménez and Bartholomew, 2018) . To maintain soil organic C and sufficient soil fertility, management of pineapple plantations can include tilling surface crop residue into the soil after the final harvest and liming before the next planting (Vásquez-Jiménez and Bartholomew, 2018) . In addition, during the 2 yr of pineapple growth in the typical cropping cycle, after an initial soil-applied fertilization, foliar fertilization occurs approximately bimonthly and pesticides are applied as needed (Vásquez-Jiménez and Bartholomew, 2018) . Fertilizers typically include major nutrients (i.e., N, P, and K), Mg, S, B, and trace metals (i.e., Cu, Fe, and Zn), whereas Ca is provided primarily by liming (Vargas, 2010) . However, similar to many other row crops, N is still the nutrient required in largest quantities for optimal pineapple cultivation (Vásquez-Jiménez and Bartholomew, 2018) .
In contrast to many other non-tropical, row-crop commodities, comprehensive studies of the long-term impact of pineapple cultivation on soil fertility are uncommon (Mubyana, 1997; Isuwan, 2007; Cornwell, 2014) . Agricultural production on tropical soils requires a comprehensive understanding of soil chemical properties (Menzies and Gillman, 1997; Ludwig et al., 2001; Juo and Franzluebbers, 2003) . However, many studies of the impact of pineapple production on soil chemistry have investigated only a few soil parameters, most commonly soil C and N (Powers, 2004; Chacón et al., 2015) . In addition, the research often involved only one plantation site, sites of various ages for which results were averaged, or a chronosequence of pineapple sites, but only compared the results with uncultivated sites with no indication of land cover (Mubyana, 1997; Powers, 2004; Isuwan, 2007; Cornwell, 2014; Chacón et al., 2015) .
The few studies of pineapple cultivation report lower soil nutrients, pH, C and N, and CEC under pineapple cultivation compared with other land uses. In the northeastern region of Sarapiquí in Costa Rica, average SOC and soil N concentrations in Ultisols and Inceptisols were lower in the top 20 cm of soil in six pineapple plantations ranging in age from 1.5-to 10-yr old after conversion from pasture relative to two nearby pastures (Powers, 2004) . In a comparison of a cacao (Theobroma cacao L.) plantation grown under shade-tree crops with a pineapple plantation in the Northern Limón province of Costa Rica, soil pH, CEC, and Ca, C, and N contents in the top 10 cm of Inceptisols in the pineapple plantation were significantly lower than in the soils in the cacao plantation (Cornwell, 2014) . In a 12-yr-old pineapple plantation in the northeast region of Costa Rica on a clayey Inceptisol, soil organic C in the top 10 cm was significantly lower in the pineapple plantation compared with under banana (Musa acuminata Colla) and palm (Elaeis guineensis Jacq.) cultivation and in an undisturbed rainforest (Chacón et al., 2015) . In Swaziland, soil organic matter (SOM) concentrations were lower in the Ap horizon of sandy clay loam and sandy loam soils in 8-, 10-, and 20-yr-old pineapple plantations compared with nearby uncultivated soils under grass or tree/scrub vegetation (Mubyana, 1997) . Similarly, in a 1-and 4-yr-old pineapple plantation in Thailand, soil pH, SOM, CEC, and exchangeable Ca and Mg in the top 30 cm were lower than in neighboring uncultivated soil (Isuwan, 2007) . Although SOM is typically approximately 58% SOC (Juo and Franzluebbers, 2003) , the measurements of SOM cannot be directly compared to studies that measured SOC.
The impact of long-term pineapple cultivation in Costa Rica on soil chemical properties requires a thorough understanding of nearsurface soil properties. The near-surface soil, approximately the upper 30 cm, in tropical regions is usually the most biologically active and, for those under cultivation, is the soil region most chemically and physically altered (Juo and Franzluebbers, 2003) . In Costa Rica, Powers (2004) determined that average soil C and N changes in pineapple plantations in a region in Costa Rica that includes the current study were significant in the top 20 cm of soil, even more different in the top 10 cm, but not at lower depths. In addition, despite its importance for the nutrient status of variably charged, tropical soils, AEC is a property not commonly measured in soils under agricultural cultivation, but can provide useful insight into the impacts of agricultural management practices (Van Ranst et al., 1998; Ludwig et al., 2001; Ryan et al., 2001; Harmand et al., 2010) . Furthermore, a comparison of various fertility-related soil properties under present pineapple cultivation to other common, historic land uses in Costa Rica that have not experienced the intense management practices associated with pineapple cultivation, such as pasture and secondary forest, can provide useful insight into the degree of change in soil chemical properties from longterm pineapple cultivation (Powers, 2004; Cornwell, 2014) .
Therefore, the objective of this field study was to evaluate the effects of varying durations of pineapple cultivation (7-and 20-yr old) in Costa Rica and adjacent pasture and forest land use on near-surface (20 cm) soil chemical properties, including AEC. Unlike previous studies (Mubyana, 1997; Isuwan, 2007; Cornwell, 2014; Powers, 2004; Chacón et al., 2015) , this study compared pineapple cultivation sites of two different ages on the same plantation that have experienced the same soil fertility and residue management. It was hypothesized that the soil pH, exchangeable acidity, and cation nutrients of the older pineapple plantation would be similar to that of the younger plantation due to use of intensive fertilization and liming regimes. It was also hypothesized that the soils at the pineapple sites and the pasture would have AEC, which would be correlated with soil pH. Moreover, it was expected that SOC and soil N would be depleted, as well as soil CEC due to lower SOC in the older compared with younger plantation, despite crop residue incorporation into the topsoil at the beginning of each cropping cycle. In addition, both pineapple sites were expected to have lower SOC and soil N than the pasture and forest sites due to lower organic inputs, namely incorporated crop residue, in contrast to manure and leaf litter, respectively.
MAtErIALs AND MEtHODs site Description
Research was conducted in 2012 at a pineapple plantation near Valencia de San Carlos, Alajuela (10°26¢ N, 84°15¢ E) in north-central Costa Rica at approximately 320 m above sea level ( Fig. 1 ). Annual precipitation throughout the region ranges from 3500 to 4000 mm yr -1 and the mean annual air temperature is 25°C (Vargas, 2010; Powers, 2004) . Soils throughout the study area are an indistinguishable mix of Udults and Udepts (CIA, 2016) .
Soil texture at all four sites in the top 20 cm was a sandy loam. The 7-yr-old pineapple site had a particle-size distribution of 0.64 kg kg -1 sand, 0.26 kg kg -1 silt, and 0.10 kg kg -1 clay, whereas the 20-yr pineapple site had 0.66 kg kg -1 sand, 0.22 kg kg -1 silt, and 0.12 kg kg -1 clay. In the pasture, the top 20 cm had 0.62 kg kg -1 sand, 0.26 kg kg -1 silt, and 0.12 kg kg -1 clay, whereas the forest site had 0.68 kg kg -1 sand, 0.18 kg kg -1 silt, and 0.14 kg kg -1 clay. Soil bulk density in the top 20 cm was 1.00, 1.07, 1.09, and 0.87 g cm -3 in the 7-and 20-yr-old pineapple plantations, pasture, and forest, respectively.
The 530-ha plantation encompassing the study area has been under pineapple (hybrid MD-2) cultivation since 1992. At the time of sampling (August 2012), the plantation was composed of fields from 12 to 20 ha in size, which ranged from 7 to 20 yr under continuous pineapple cultivation and were at various stages in the growth cycle. Pineapples were harvested year-round from the various fields. The previous land use was pasture. A small, 0.4-ha remnant parcel of the previous pasture, grazed by 10 to 20 head of cattle (Bos sp.), existed adjacent to the plantation. Many primary forests were cut down and pastures established across Costa Rica in the 1960s and then cash-crop agriculture grew in the 1980s, replacing many pastures (Powers, 2004) . Therefore, the pasture could be up to 40 yr old, but was at least 20 yr old at the time of this study. The species of grass is unknown at the plantation; however, the typical grass planted for pastures in the region was a C4 African grass (Ischemum timorense Kunth.) (Powers, 2004) . In addition, a small, 2-ha mixed, hardwood, tropical, secondary forest was also present within the plantation. The age of the forest is also at least 20 yr old, but could be up to 40 yr old, based on the history of deforestation in Costa Rica (Powers, 2004) . The pasture and forest sites were within 3 km of the two pineapple sites studied at the plantation. Since the plantation was established in the pasture, it was assumed the soil conditions were the same in the plantation and pasture when the plantation was established. A similar assumption is more difficult for the forest, based on the history of deforestation in Costa Rica (Powers, 2004) and the lack of pre-cultivation information. The forest is most likely older than the pasture, but comparisons can still be made.
The duration of the pineapple cropping cycle was approximately 27 mo. Prior to each planting, crop residue from the previous harvest was tilled into the top 30 cm of soil and the land was left fallow for 3 mo. The soil was limed with Ca carbonate (CaCO 3 ) or Mg carbonate (MgCO 3 ) at a rate of 1 to 2.5 Mg ha -1 and fertilized with major nutrients (N, P, and K), where annual amounts depended on the results of annual soil testing. Soil fertilization rates on pineapple plantations in Costa Rica are typically 20% of that applied by foliar application later in the growing season, with typical foliar rates of 500 to 580 kg ha -1 N, 44 to 61 kg ha -1 P, and 380 to 580 kg ha -1 K (Leon and Kellon, 2012) . Shoots cut from the base of a previous pineapple crop were planted in double rows in raised, cultivated beds. The crop was manually fertilized by foliar application for 16 cycles, approximately every 2 wk, from 1 mo of age until forced floral induction with ethylene, after which three cycles of foliar fertilization occurred until the first harvest, approximately 4 to 5 mo after flowering. A similar schedule was followed for the second harvest. The foliar fertilizer was a liquid mixture composed primarily of ammonium nitrate (NH 4 NO 3 ), potassium chloride (KCl), magnesium sulfate (MgSO 4 ), and monoammonium phosphate (NH 4 H 2 PO 4 ), as well as additional compounds to provide minor elements, applied at a rate of 4000 L ha -1 (Vargas, 2010) . The pineapple crop was rainfed, but substantial water was applied with the foliar fertilization applications. The first harvest occurred at approximately 12 mo and the second harvest at 24 mo in the cropping cycle.
Field sampling
Two sites under pineapple cultivation, one 7-and one 20-yrold, were sampled in August 2012, 3 to 6 wk prior to the first harvest. In a randomly selected, 1-ha region in each site, soil cores were collected with a 2.5-cm-diameter metal soil corer at eight random soil locations. Fifteen 2.5-cm-diameter cores were collected from the top 20 cm within a 1-m 2 area encompassing the sampling location and sectioned into the 0-to 10-and 10-to 20-cm depth intervals. Core samples were combined by depth at each sampling location. In addition, the adjacent remnant pasture was sampled at eight random locations in the same sampling manner as for the pineapple sites. The adjacent secondary forest was only sampled at four random locations. All loose organic material laying on the forest floor was manually brushed aside before soil sampling.
Soil samples were air-dried for 24 h and then oven-dried at 40°C for 48 h. Based on visual observations, there were very few large, living roots. Those that were present were manually removed from the soil sample prior to grinding and sieving. Oven-dried soil samples were ground and sieved to <2 mm for chemical analyses. Chemical analyses were conducted on all soil samples, except for AEC from the 10-to 20-cm depth interval and CEC and AEC at the forest site. For bulk density and texture determinations, one small soil pit per site was excavated to a depth of 80 cm to visually inspect the soil profile, and single samples were collected horizontally by manually inserting a 5.4-cm diameter, 5.9-cm long metal cylinder in the center of the 0-to 20-cm depth interval.
soil Physical and Chemical Analyses
Soil pH was measured potentiometrically in a 1:2.5 soil mass/ water volume suspension. Soils were extracted with 1 M potassium chloride (KCl) to measure exchangeable acidity and base cations (Díaz-Romeu and Hunter, 1982) . Exchangeable acidity was measured by titration of the extracts with 0.01 M sodium hydroxide (NaOH), whereas cations were measured by atomic absorption spectrophotometry (AAS; PerkinElmer Optical Emission Spectrometer, OPTIME 8000). Trace metals (Ca, Mg, Na, Fe, Mn, Zn, and Cu) and P were extracted using the modified Olsen procedure (Díaz-Romeu and Hunter, 1982) . Extracts were analyzed colorimetrically for P by the ascorbic acid method with an ultraviolet-visible spectrometer (Genesis 105 UV VIS, Thermoscientific), whereas trace metals were measured by AAS. Total C and N were measured by high-temperature combustion using a CHNS/O analyzer (PerkinElmer Series II CHNS/O Analyzer 2400). Due to the highly weathered nature of the soils, the soil pH, and the large annual rainfall and because the soil did not effervesce on treatment with 1.0 M hydrochloric acid (HCl), all measured total C was assumed to be organic C (Loeppert and Suarez, 1996; Powers, 2004) . Soil bulk density samples were dried at 105°C for 72 h, weighed, ground, and sieved to <2 mm for particlesize analyses using the 12-h hydrometer method (Gee and Or, 2002) .
Cation exchange capacity and AEC were measured using the compulsive-exchange method (Gillman and Sumpter, 1986) . The soil was extracted with 0.1 M BaCl 2 and the initial pH measured. The soil was rinsed with 2 mM BaCl 2 and then extracted with 5 mM MgSO 4 . The solution pH was then adjusted to the initial pH with 0.05 M H 2 SO 4 . The residual Mg 2+ concentration was measured by AAS and subtracted from the initial Mg 2+ added to calculate the CEC. The residual Clconcentration was measured by titration with AgNO 3 using a silver ring electrode (model DM141-SC, Mettler Toledo) and a pH/ion-selective-electrode meter (Orion Dual Star, Thermoscientific), from which the AEC was calculated by difference from the initial Cladded.
statistical Analyses
Though the land uses evaluated in this study were not themselves spatially replicated, due to the lack of additional available sites on the plantation (i.e., on similar soils within close proximity to one another and under the same management), the separate soil samples collected from within each land use were assumed to be independent of one another. In addition, despite the soils being mapped as an indistinguishable mix of Udults and Udepts, soil sampling was limited to the upper 20 cm of the soil profile, where soils had similar textures.
Based on a split-plot, completely random experimental design, analysis of variance (ANOVA) was conducted using SAS (version 9.4, SAS Institute, Inc.). Based on visual inspection, a majority of the soil property data followed a normal distribution to justify the assumption of normality for use of ANOVA. One ANOVA was conducted to evaluate the effects of land use (i.e., first-harvest pineapple plantation after 7 and 20 yr, forest, and pasture), soil depth (i.e., 0-to 10-and 10-to 20-cm depth intervals), and their interaction, where land use was the whole-plot and soil depth was the split-plot factor, on soil pH; exchangeable acidity; extractable soil K, Ca, Mg, P, Fe, Cu, Zn, and Mn concentrations; total C and N concentrations; and soil C/N ratio. Treatment differences in soil bulk density and particle-size distribution were not formally evaluated, since only one set of samples was collected; thus, results were only used to physically characterize the soil. Since CEC was not analyzed at all land use sites, a second separate ANOVA was conducted to evaluate the effects of land use (i.e., first-harvest pineapple plantation after 7 and 20 yr and pasture), soil depth, and their interaction on soil CEC. A third separate ANOVA was conducted, based on a completely random design, to evaluate the effect of land use (i.e., first-harvest pineapple plantation after 7 and 20 yr and pasture) on soil AEC in the top 10 cm only. To evaluate soil property relationships, linear correlations were performed among measured soil chemical properties using Minitab (version 16, Minitab, Inc.). Significance was judged at P < 0.05. When appropriate, means were separated by least significant difference (LSD) at the 0.05 level.
rEsULts

Chemical Properties
Numerous soil chemical properties differed among soil depths and land uses. The greatest difference was in exchangeable acidity. Exchangeable acidity in both soil depths was much greater in the 20-yr-old pineapple site than that in the 7-yr-old pineapple pasture and forest sites (Fig. 2, Table 1 ). Exchangeable acidity was 7.1 times greater in the top 10 cm and 8.1 times greater in the 10to 20-cm depth in the 20-yr-old site compared with the 7-yr-old site. Compared with the pasture site, exchangeable acidity in the 20-yr-old pineapple site was 13.1 and 8.3 times greater in the top 10 cm and in the 10-to 20-cm depth, respectively. In contrast, the 20-yr-old pineapple site had only 3.6 and 2.0 times greater exchangeable acidity in the top 10 cm and in the 10-to 20-cm depths, respectively, relative to the forest site at these depths. 
Soil property
Source of variation
Land use Soil depth Unlike the other sites, the exchangeable acidity at the forest site was lower in the top 10 cm than in the 10-to 20-cm depth. Similar to exchangeable acidity, soil Ca and Mg concentrations in the 20-yr-old pineapple site differed substantially from those in the other three sites ( Fig. 3 and 4 ). Both soil Ca and Mg concentrations were lower in both soil depths in the 20-yr-old pineapple site compared with the 7-yr-old, pasture and forest sites. Average soil Ca and Mg concentrations were 2.9 and 2.6 times, respectively, lower in the 20-compared with the 7-yr-old pineapple site. Compared with the 7-yr-old site, differences in soil Ca and Mg were even greater between the 20-yr-old pineapple site and the pasture and forest sites. Concentrations were 4.9 and 3.3 times lower for Ca and 6.6 and 4.0 times lower for Mg in the top 10 cm and 10-to 20-cm depths, respectively, in the 20-yr pineapple site relative to the pasture. In addition, soil Ca was 4.1 and 2.1 times lower and soil Mg was 4.0 and 2.5 times lower in the top 10 cm and 10-to 20-cm depths, respectively, in the 20-yr-old pineapple site relative to the forest. Although soil Ca and Mg concentrations were greater in the 7-yr-old than those in the 20-yr-old pineapple site, soil Ca and Mg concentrations were lower in the 7-yr-old plantation than in the pasture. Soil Ca and Mg concentrations in the 7-yr-old plantation were 1.5 and 2.4 times lower in the top 10 cm, respectively, than the pasture and 1.6 times lower in the 10-to 20-cm depth for Mg. Soil Mg concentrations were also 1.4 times lower in the 7-yr-old pineapple site compared with the forest in the top 10 cm.
In contrast to soil Ca and Mg concentration patterns, soil Mn concentrations were greatest in the forest, and soil P concentrations were greatest in the pasture (Fig. 5 ). Soil Mn concentration was similar in both depth intervals in the 7-and 20-yr-old pineapple sites and the pasture. Soil Mn concentrations were 2.8 to 4.5 times greater in the top 10 cm in the forest compared with all other land use-soil depth treatment combinations and was greater in all 10-to 20-cm depths as well (Fig. 5 ). Soil P concentrations were similar between soil depths for the two pineapple sites and the forest but were the highest in the pasture (Fig. 6 ). Soil P concentrations in the pasture in the top 10 cm were 6.0, 1.7, and 2.8 times greater than that in the top 10 cm in the 7-yr-old and 20-yr-old pineapple sites and forest, respectively. In the pasture soil P concentration was 6.2 times greater in the top 10 cm than in the 10-to 20-cm depth (Fig. 6 ). In contrast to exchangeable acidity and soil Ca, Mg, Mn, and P, numerous soil chemical properties were unaffected by soil depth (P > 0.05) but differed among land uses and age under pineapple cultivation (P < 0.05; Table 1 ). Averaged across soil depths, SOC and soil N concentrations were 1.5 and 1.7 times greater, respectively, in the pasture and forest, which did not differ between one another, than that in the 7-yr-old and 20-yr-old pineapple sites, which did not differ from each other (Table 2 ). However, the soil C/N ratio in the 20-yrold pineapple site was 1.1 to 1.2 times greater than that in the three other sites, which did not differ (Table 2) . Averaged across depths, soil CEC differed among pineapple sites and the pasture, where soil CEC in the pasture was greatest and nearly twice that in the 20-yrold pineapple site, which was the lowest, whereas soil CEC in the 7-yr-old pineapple site was intermediate. Conversely, the pasture had the lowest soil AEC in the top 10 cm, and soil AEC was more than three times greater in the two pineapple sites, which did not differ.
Similar to SOC, soil N, and CEC, soil pH, K, Fe, and Cu were also unaffected by soil depth (P > 0.05) but differed among land uses (P < 0.05; Table 1 ). Soil pH was lower in the 20-yr-old pineapple site than all three other sites, by almost one pH unit, whereas soil pH in the 7-yr-old pineapple site was comparable to that in the pasture (Table 2) . Soil pH in the forest was intermediate. Averaged across depths, soil K concentrations were 2.6 to 5.3 times greater in the pasture than that in the other three sites, which did not differ (Table 2 ). In contrast, averaged across depths, soil Fe concentration was more than two times greater in the forest than in the other three sites, which did not differ (Table 2 ). In addition, averaged across depths, soil Cu concentration was 2.1 times greater in the 7-yr-old pineapple site than that in the pasture, whereas soil Cu concentration in the other two sites was intermediate and did not differ from one another ( Table 2 ). In contrast, averaged across soil depths, soil Zn concentration was 1.4 to 1.7 times greater in the 20-yr-old pineapple site than in the other three sites, which did not differ (Table 2) . Unlike all other measured soil properties, averaged across land uses, soil Zn concentration was 1.1 times greater in the top 10 cm than in the 10-to 20-cm depth interval.
In addition to the numerous differences in soil properties among land uses, soil depths, and/or their combination, several significant correlations were identified among measured soil properties across land uses. Soil N and SOC concentrations were strongly, directly correlated with one another (r = 0.95; P < 0.001). In addition, SOC was directly correlated with CEC (r = 0.97; P < 0.001). Soil Ca and Mg concentrations were strongly, directly correlated (r = 0.94; P < 0.001) and soil K was directly correlated with both Ca (r = 0.78; P < 0.05) and Mg (r = 0.89; P < 0.01). Soil Mn and Fe concentrations were also strongly, directly correlated to one another (r = 0.99; P < 0.001). Soil CEC was uncorrelated with soil pH, and soil CEC in the top 10 cm was also uncorrelated with soil AEC. In addition, no correlation existed between CEC and any of the soil cations nor between soil P and AEC.
DIsCUssION
Soil pH, exchangeable acidity, C and N, CEC and AEC, and numerous soil cation concentrations in a plantation under pineapple cultivation in northeastern Costa Rica differed depending on duration of cultivation and compared with a nearby remnant pasture and secondary forest in the top 20 cm. Although it was hypothesized that SOC would be lower in the 20-yr-old than in the 7-yr-old pineapple site, SOC did not differ between the two when averaged across soil depths. The management practices of tilling in the surface residue to a 30-cm depth and leaving the field fallow for 3 mo after the second harvest in the 27-mo cropping cycle likely partially helped maintain SOC and soil N over the long term (Juo and Franzluebbers, 2003; Havlin et al., 2014; Powers, 2004; Chacón et al., 2015) . The decomposition of surface crop residue releases nutrients and the humidified residual becomes SOM (Juo and Franzluebbers, 2003) . Soil under pineapple cultivation has previously been shown to experience a decline in SOM when there is no residue incorporation (Cornwell, 2014; Powers, 2004; Chacón et al., 2015; Vásquez-Jiménez and Bartholomew, 2018) .
The lower SOC and soil N concentrations in both pineapple sites relative to the pasture and forest land uses indicates that SOC and soil N were lower after 7 and 20 yr of cultivation than under the other less-disturbed land uses. Organic inputs from manure and leaf litter and roots in the pasture and forest, respectively, as well as lack of tillage, likely facilitated the greater SOC and soil N concentrations in the less-managed land uses compared with the cultivated sites (Juo and Franzluebbers, 2003; Havlin et al., 2014; Powers, 2004; Chacón et al., 2015) . The lower SOC and soil N under pineapple cultivation relative to pasture was similar to the results of Powers (2004) , who reported that average C and N concentrations in the 0-to 10-and 10-to 20-cm depths intervals in pineapple plantations ranging in age from 1.5 to 10 yr in northeast Costa Rica were lower than in nearby pastures in the same depth intervals. In the Powers (2004) study, however, the pineapple residue was burned and not tilled under after the last harvest as in the current study, which may have contributed to the greater magnitude of difference between the pineapple plantation and pasture in plantations compared with the soil C differences measured in the current study. The forest results of the current study were similar to those of Chacón et al. (2015) , who also reported greater soil C and N concentrations in the top 10 cm in the forest sites than in a 12-yr-old pineapple plantation in Costa Rica. However, the forest site in the Chacón et al. (2015) study was primary rainforest and the soil texture was clay, both of which were much different than the forested site investigated in the current study. AEC, cmol c kg -1 0.83 b 0.80 b 0.23 a - ‡ † Means in a row followed by different letters indicate significant differences among land uses at P < 0.05. ‡ CEC and AEC were not measured in the forest soil samples.
The greater soil C/N ratio in the 20-yr-old pineapple site relative to the other three sites indicated a small change in the balance between C and N under long-term pineapple cultivation. Larger C/N ratios could lead to a slower rate of decomposition of the SOM (Juo and Franzluebbers, 2003; Chacón et al., 2015) . Soil C/N ratios above 10, the value at the 20-yr pineapple site, can indicate soil that is fairly resistant to degradation (Juo and Franzluebbers, 2003; Havlin et al., 2014) . In contrast to the current study, both Chacón et al. (2015) and Powers (2004) reported no difference in soil C/N ratio in the pineapple plantations studied and the nearby forest and pastures, respectively, likely due to the different plantation management and difference in vegetation, respectively. Although the Chacón et al. (2015) and Powers (2004) studies provide interesting comparisons for C/N, as well as soil C and N concentrations themselves, these two studies did not compare pineapple sites of different ages and did not include older sites.
The SOC results from the current study can also be compared with the results of Mubyana (1997) and Isuwan (2007) for SOM in the Ap horizon and upper 30 cm of soil, respectively, in a chronosequence of pineapple plantations in Swaziland and Thailand, as a major portion of SOM is SOC (Juo and Franzluebbers, 2003) . However, a direct comparison cannot be made. Moreover, the sites for comparison were not identified in terms of land use, but only listed as uncultivated. Nevertheless, in both studies, SOM was lower in pineapple plantations compared with the uncultivated sites (Mubyana, 1997; Isuwan, 2007) . A statistical comparison across plantations of different ages, which were sampled, was not conducted in the Mubyana (1997) study. The Isuwan (2007) study indicated lower SOM in 1-and 4-yr-old plantations compared with an undisturbed site, but the two plantations did not differ from each other in terms of SOM. Since SOM is correlated with SOC (Juo and Franzluebbers, 2003) , the studies support other findings that show a decrease in soil C in soils under pineapple cultivation in comparison with other, less intensively managed land uses.
In contrast with SOC and soil N, differences in pH, exchangeable acidity, and base cations in the 20-yr-old pineapple site compared with the other three sites in the current study indicated a major deviation in these soil chemical properties in the top 20 cm, which differed from what was hypothesized. The low mean soil pH of 4.1 at the 20-yr pineapple site, the lowest of all the sites, was a pH unit less than the agronomic goal of a soil pH > 5.0 (Vargas, 2010) . Moreover, the elevated exchangeable acidity at the 20-yr-old site was associated with threefold lower Ca and Mg concentrations in the soils at the site in the top 20 cm in comparison with the other sites. Exchangeable acidity (i.e., hydronium and aluminum ions) compete with base cations for soil exchange sites, hence base cations can decline as soil pH declines (Juo and Franzluebbers, 2003; Havlin et al., 2014) .
Long-term N fertilization likely contributed to soil acidification and basic cation depletion, despite N applications being foliar, and the liming regime did not sufficiently neutralize the acidification effects from N fertilization (Hepton, 2002; Cornwell, 2014; Havlin et al., 2014) . Although less fertilizer reaches the soil surface using foliar fertilization, large rates of foliar fertilization (i.e., >2500 L ha -1 ) can result in some runoff from the plants onto the soil (Hepton, 2002) and direct addition to the soil between plants can occur. The primary N fertilizers used at the site were ammonium nitrate and urea, both of which are acid producing through microbial nitrification in soil (Havlin et al., 2014) . When nitrate in excess of plant uptake leaches from the soil, with an equivalent number of base cations to maintain charge balance, net soil acidification occurs (Havlin et al., 2014) . The data suggest that soil acidification has likely occurred over time at the plantation as a result of long-term N fertilization. The greater soil K in the pasture compared with the three other sites was likely due to periodic inputs from cow urine, which was assumed to be somewhat evenly distributed across the pasture in the free-range grazing management that was used (Betteridge et al., 1986) .
The trends in trace metal concentrations among the four sites were not as clear as for the base cations. The elevated soil Fe and Mn concentrations in the forest site could reflect different inputs to the soil from tree vegetation, slightly different soil mineralogies, enhanced weathering under the tree canopy, and/or reduced moisture inputs compared with the other sites that could have solubilized and translocated Fe and Mn away from the surface and deeper into the soil profile (Havlin et al., 2014) . The strong correlation between Fe and Mn suggested their behaviors are controlled by similar factors, although which of the factors above are the primary ones cannot be determined given the data at hand. The lower soil Cu concentration in the 20-yr-old relative to the 7-yr-old pineapple site was in contrast to the greater soil Zn in the 20-yr-old pineapple site. The foliar fertilizer used at the pineapple site was almost 1000 times greater in Zn than in Cu (Vargas, 2010) and Zn may have built up over time in the older pineapple site.
The soil pH and SOC concentrations likely explain the differences in soil CEC and AEC among the land uses (Ryan et al., 2001; Juo and Franzluebbers, 2003; Isuwan, 2007; Harmand et al., 2010; Cornwell, 2014) . The strong correlation between CEC and SOC across the land uses evaluated in this study was expected given the large CEC of SOM (Juo and Franzluebbers, 2003) . Even though clay minerals and metal oxides in the weathered soils of the humid tropics contribute to soil CEC, the CEC of SOM compared with kaolinite, for example, is much greater and hence provides a larger contribution to the soil CEC overall in tropical soils (Juo and Franzluebbers, 2003) . The greater SOC in the pasture was likely the primary source of the greater CEC compared with the two pineapple sites, since the 7-yr-old pineapple site had a similar pH as the pasture soil, but lower SOC (Isuwan, 2007) . Although SOM and inorganic minerals have pH-dependent charge and soil pH can impact both CEC and AEC (Ryan et al., 2001; Harmand et al., 2010; Havlin et al., 2014) , soil pH and CEC were not strongly correlated in the current study. Nevertheless, the 20-yr-old pineapple site had the lowest CEC in comparison with the three other sites, which could be the result of the loss of some pH-dependent, positive charge in the soil, from both organic matter and clay minerals, due to the low soil pH of 4.1, which was almost a pH unit lower than the other sites (Isuwan, 2007; Cornwell, 2014) . Similarly, the difference in soil pH could be the primary cause of the CEC differences between the pineapple sites, as SOC concentrations did not differ between the two sites (Cornwell, 2014) . Further study would be needed to distinguish between these controlling factors.
As hypothesized, soil AEC was present in the sites in which AEC was measured and was greater in the pineapple sites compared with the pasture. One would expect the soil AEC to be greater in the 20-yr-old than in the 7-yr-old pineapple site due to lower CEC (Havlin et al., 2014) ; however, the low AEC overall may have masked any detectable AEC differences. The expected inverse relationship between AEC and CEC in the top 10 cm occurred in the pasture, where soil AEC was lowest, and CEC was the largest among the three sites. Comparisons of soil AEC from the current study to other studies are difficult due to the lack of soil AEC measurements reported under pineapple cultivation. However, soil AEC measured at the pineapple sites in the current study was generally greater than most of those from comparable studies. Soil AEC associated with the pineapple sites in the current study was slightly greater than soil AEC reported in Costa Rican Ultisols under coffee (Coffea arabica L.) (0.34 cmol c kg -1 ), whereas the pasture site's AEC was comparable, and the CEC reported (5.06 cmol c kg -1 ) was similar to that of the 20-yr-old pineapple site (Harmand et al., 2010) . In other Ultisols in Costa Rica, soil AEC in the top 20 cm (0.20-0.25 cmol c kg -1 ) reported by Hyun and Lee (2004) was lower, whereas soil CEC was greater (8.1-10.4 cmol c kg -1 ) than in both pineapple sites but were similar to the pasture of the current study. Soil AEC in the pineapple sites of the current study was also greater than those reported in an Amazon Ultisol (0.1-0.4 cmol c kg -1 tested over pH range of 6.5-3) (Ludwig et al., 2001) and in surface soils in Cameroon (<0.1 cmol c kg -1 , 0-15 cm; Menzies and Gillman, 1997 ; 0.4 cmol c kg -1 , 0-20 cm; Van Ranst et al., 1998) . However, CEC and AEC depend on numerous sitespecific properties, such as soil pH and mineral nutrient and SOM concentrations, which further complicate comparisons between results of the current study and results of other studies.
Soil P concentration differences between sites of contrasting land use suggest that the primary control on soil P was inputs to the soil surface. As occurred for SOC and soil N, the greater soil P concentration in the pasture compared with the pineapple sites and the forest was likely due to manure inputs from grazing cattle (Cornwell, 2014; Havlin et al., 2014) . Although the mean soil P concentration across depths in the 20-yr-old pineapple site was more than three times greater than that in the 7-yr-old site, the soil P concentrations variability was large in all land uses. The difference in soil P between the pineapples sites was not statistically significant; however, the threefold difference in soil P in the top 20 cm was likely a significant agronomic difference for pineapple cultivation (Leon and Kellon, 2012; Vásquez-Jiménez and Bartholomew, 2018) . Although P can be fixed to AEC sites in tropical soils (Juo and Franzluebbers, 2003) , the AEC measured did not differ between the two pineapple sites, despite the differences in measured soil P. The differences in soil P may be due in part to greater P availability due to the greater pH in the 7-yr-old pineapple site, which could allow greater plant uptake and hence less residual P stored in the soil (Havlin et al., 2014) .
CONCLUsIONs
Pineapple cultivation in Costa Rica is a major industry, with plantations ranging in age from only several years to more than 20 yr, on land that was previously in pasture or forest. This field study aimed to investigate differences in selected soil chemical properties among different aged pineapple plantations and adjacent, less-intensively management land uses. Though this study included only a single site representing each land use with unknown specifics about their precultivation history and had a limited number of samples collected, results obtained are still valuable to understanding the long-term impact of pineapple cultivation on soil chemical properties.
Although it was hypothesized that SOC and soil N concentrations would be lower in the older 20-yr-old compared with the younger 7-yr-old site, long-term cultivation of pineapple did not significantly impact SOC and N concentrations at the sites investigated in this study. The similarity in SOC and N in the two pineapple sites was most likely due to the practice of tilling under the residual pineapple biomass and allowing time for decomposi-tion before the next crop was planted, a management technique that is not used at all pineapple plantations. The pasture and forest benefit from additional organic inputs and fewer losses from being less disturbed and only minimally managed.
Pineapple cultivation clearly negatively impacted near-surface soil fertility, particularly in the older pineapple plantation. In particular, long-term pineapple cultivation led to increases in soil acidity and decreases in base cations. A change in fertilization and/or liming regime (i.e., amounts and/or timing in the rotation cycle) could help reduce soil acidity, minimize AEC, and increase base cation concentrations, which can contribute to improvements in soil health. Additional C inputs could help increase SOC and soil CEC. Although pineapples continue to be grown in Costa Rica, long-term soil management may require careful attention to near-surface soil fertility, particularly soil acidity and base cation concentrations, to maintain soil pH and nutrients at levels for optimum pineapple growth or if the land is converted to another use in the future that is not well-suited to acidic soils.
